In this paper aligned porous lead zirconate titanate (PZT) ceramics with high pyroelectric figures of merit were successfully manufactured by freeze casting using water-based suspensions. The introduction of aligned pores was demonstrated to have a strong influence on the resultant porous ceramics, in terms of mechanical, dielectric and pyroelectric properties. As the level of porosity was increased, the relative permittivity, dielectric loss and pyroelectric coefficient decreased while the Curie temperature increased.
I. Introduction
Pyroelectric energy conversion is of interest since it offers a novel way to convert waste heat into electricity by alternatively heating and cooling a pyroelectric material. [1] [2] [3] This approach has attracted much interest in areas such as powering low-power electronics and battery-less wireless sensors. For pyroelectric energy harvesting applications, the main requirements are high pyroelectric coefficient, high figures of merit and low permittivity. An energy harvesting figure of merit, F E shown in Eqn. 1, has been widely used for materials selection and materials design for pyroelectric harvesting applications.
where p is the pyroelectric coefficient and !! ! is the permittivity of the pyroelectric material at constant stress. Efforts to improve the performance of ferroelectric ceramics for a variety of applications often focus on dense materials via chemical modification (doping, substitution) 7, 8 or the employment of the single crystals. 9, 10 Due to the complexity of developing new formulations and the high cost, low Curie temperature and poor mechanical properties of single crystals, the applications of pyroelectric harvesting materials are limited. From Eqn. 1, a porous structure with decreased permittivity has the potential to provide benefits for energy harvesting applications if the pyroelectric coefficient is not reduced significantly. Lang et al.
observed an improvement in both the piezoelectric and pyroelectric figures of merit in porous lead zirconate titanate (PZT) prepared by burning out the organic particles as a result of the significantly reduced relative permittivity of porous structures with 3-0 and 3-3 connectivities.
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The introduction of porosity also has the potential to decrease the heat capacity which leads to an improvement of the thermal response; however, porosity can also decrease the electrical resistivity and pyroelectric coefficient. 4 This complex relationship between pyroelectric, dielectric and thermal properties means that there is potential of tuning the porosity to achieve the optimum response for a given application.
Owing to many levels of hierarchical structures from macroscopic to microscopic length scales of the microstructure, directional freezing process has recently attracted interest in the fabrication of porous ceramic with lamellar oriented architectures. By taking advantage of the principle of unidirectional solidification of a liquid vehicle, such as water, freeze casting, also called ice templating, 12, 13 has been developed as a simple and novel method with low production cost for the preparation of oriented porous structures. In this paper, porous PZT ceramics were achieved by freeze casting, and their microstructural, relative permittivity, dielectric loss, pyroelectric and mechanical properties were investigated and compared.
II. Experimental Procedure
Lead zirconate titanate (PZT) powder (PZT5-A; Baoding Hengsheng Acoustics Electron Apparatus Co. Ltd., Baoding, China) with a mean particle size of 0.25 µm, deionized water, polyvinyl alcohol (PVA, 420, Kuraray Co. Ltd, Japan) and ammonium polyacrylate (HydroDisper A160, Shenzhen Highrun Chemical Industry Co. Ltd, P. R. China) were used as the starting materials, freezing vehicle, the binder and the dispersant, respectively. PZT suspensions were ball-milled for 24 h in zirconia media and de-aired by stirring in a vacuum desiccator, until complete removal of air bubbles. The freezing process, pore characterization methodology and mechanical measurements were given in details in previous works. 14, 15 Conventional ceramic processing technique was employed to prepare the dense ceramic for comparison with the freeze-cast porous materials. Burning out the organic particles was utilized to prepare the conventional porous ceramic for the mechanical comparison with the freeze-cast porous materials. Burnout of the PVA binder was carried out at 500 °C for 1 h with a heating rate of 1 °C/min. Final sintering was carried out at 1200 °C with a heating rate of 5 °C/min under a PbO-rich atmosphere to minimize the lead (Pb) loss during sintering, followed by natural cooling to room temperature. Before electrical properties measurement, corona poling was conducted on the sintered dense and porous samples at 120 °C by applying an electric field of 30 kV for 30 min, and the material was aged for 24 h prior to testing. The relative permittivity and dielectric loss of the porous ceramics were measured by an impedance analyzer (Agilent-4294A, Agilent Technologies Inc.) at 1 kHz from 293-673 K.
The pyroelectric coefficient was determined by the Byer-Roundy method and derived from the equation 2:
where I is the pyroelectric current, p is the pyroelectric coefficient, A is the area of capacitor and dT/dt is the rate of change of temperature. The pyroelectric current I was measured using an electrometer (Model 6517A, Keithley, USA) at the temperature 300 K. shown in Fig. 1(a) . All the porous ceramics prepared by freeze casting exhibited a well aligned 2-2 type PZT-air laminate composite connectivity as shown in Fig. 1(b)-(d) . As the level of porosity increased from 25% to 45%, the lamellar oriented pore width decreased from 22-30 to 3-8 µm and the lamellar thickness increased from 5-9 to 28-32 µm. According to our previous work, 13, 17, 18 adjustments in the lamellar pore width from 1 to 60 µm, the lamellar thickness from 1 to 40 µm and the second circular pore from 6 to 400 µm can be achieved by tailoring the particle sizes of the powders, solid loading of the suspension, the organic additions and the freezing conditions. The volume specific heat capacity c E of the dense and 
III. Results and discussion
where is the porosity of the PZT ceramic and 2.5 MJ·m -3 ·K -1 is the c E of the dense material. with an increase of porosity. The introduction of air, in the form of porosity, that possesses a lower permittivity than PZT, and the decreased internal stress in the porous samples 19 are thought to account for the decrease of relative permittivity and the increase of T C (operating temperature), respectively. In addition, the relative permittivity was proportional to the porosity (P) at the range of temperatures studied. For porous PZT sample at 25 °C, the relationship can be fitted by equation 4:
The reduced relative permittivity as a result of the introduction of porosity can lead to positive effects on the pyroelectric performance of porous PZT ceramics, such as F E and F E ', which will be discussed in the following section. Fig. 2 (b) shows that the dielectric loss increased with an increase of the porosity. This was mainly attributed to the pores, which introduced high dielectric loss in porous PZT ceramic. When the temperature is higher than 246 °C at porosity of 45 vol.%, the dielectric loss of the porous PZT ceramic increased sharply. Fig. 3(a) shows the effects of porosity on the pyroelectric coefficient and compressive strength of porous PZT ceramics. As the level of porosity is increased, both the pyroelectric coefficient and compressive strength decreased from 316 to 269 µC/m 2 K and from 35 to 19
MPa, respectively, as shown in Fig. 3(a) . The presence of highly aligned 2-2 type porosity ( Fig. 1) as a result of the freeze casting method led to a slightly higher pyroelectric coefficient and lower permittivity than reported by Lang et al. for PZT with spherical pores that exhibit 3-0 or 3-3 connectivity, 11 e.g. 316 versus 222 µC/m 2 K for pyroelectric coefficient and 949 versus 1000 for relative permittivity at the porosity of 25 vol.%. The freeze-cast porous PZT ceramics exhibited 250 % to 300 % higher in the compressive strength than that of porous samples prepared by the same conventional method which Lang et al used as shown in Fig. 3a, leading to easier handling, better processability and wider applications for such type of porous material. Previous work has indicated that, in addition to Eqn. 1, a modified figure of merit F E ' that includes the influence of volume heat capacity c E can be used to select and compare materials for pyroelectric energy harvesting when the harvesting element is subjected to an incident power density, 20 as shown in equation 5: Because a decrease in relative permittivity of PZT ceramics (Fig. 2a) was more than that in pyroelectric coefficient ( Fig. 3a) with increasing porosity, the figure of merit (p 2 /ε 33 ) still increased with the increase of porosity. Compared with the conventional sintered dense ceramic with 3 vol.% porosity, the material with porosity higher than 25 vol.% exhibited higher F E and F E ' values, demonstrating that figures of merit can be enhanced by inducing porosity. Compresive strength, dielectric and pyroelectric properties of porous PZT ceramics can be readily tailored and applied in a range of pyroelectric harvesting applications. The ability to produce aligned porosity also provides opportunities to tailor heat transfer characteristics such as thermal conductivity and diffusivity.
IV. Conclusions
Porous PZT ceramics with aligned pore channels were readily fabricated using freeze casting at low cost, and characterized in terms of dielectric and pyroelectric properties. The lamellar oriented pore width decreased from 22-30 to 3-8 µm and the lamellar thickness increased from 5-9 to 28-32 µm with the increase of the porosity from 25 to 45 vol.%. The relative permittivity, pyroelectric coefficient and volume specific heat of the porous PZT decreased with the increase of the porosity. These changes led to the porous samples with more than 25
vol.% porosity possessing higher pyroelectric harvesting F E and F E ' figures of merit compared to dense PZT. Further work is in progress to explore the influences of the aligned pore-size distribution, pore shape and pore combination on the pyroelectric properties of porous ceramics for energy harvesting applications. 
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